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Replacing Fallow with Cover Crops 
in a Semiarid Soil: Effects on Soil Properties
Soil & Water Management & Conservation
Winter wheat is the dominant crop grown within the semiarid cen-tral Great Plains of the United States. In this region, approximately 4,650,000 hectares of wheat are grown annually in a dryland wheat–
fallow or wheat–summer crop–fallow rotation (NASS, 2012). Approximately, half 
of this wheat is grown in a wheat–fallow rotation ( J. Holman, personal commu-
nication, 2012). The fallow period, which lasts approximately 16 mo, is intended 
to store soil water for the subsequent wheat phase. Precipitation storage efficiency 
(fraction of precipitation that is stored in the soil) during fallow, however, ranges 
only from 10 to 40% (Nielsen and Vigil, 2010; Hansen et al., 2012). The lower 
values correspond to conventional till, but even with the use of reduced till and 
no-till, fallow phase may not store more than 40% of precipitation (Hansen et 
al., 2012). In eastern Colorado, Nielsen and Vigil (2010) reported that mean pre-
cipitation storage efficiency of a 14-mo fallow under wheat–fallow systems was 
20% for conventional till and 35% for no-till. The use of fallow is also often at 
the expense of increased SOC losses (Peterson et al., 1998; Sherrod et al., 2003; 
Blanco-Canqui et al., 2010), increased soil erosion by wind and water (Merrill et 
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Replacement of fallow in crop–fallow systems with cover crops (CCs) may 
improve soil properties. We assessed whether replacing fallow in no-till 
winter wheat (Triticum aestivum L.)–fallow with winter and spring CCs for 
5 yr reduced wind and water erosion, increased soil organic carbon (SOC), 
and improved soil physical properties on a Ulysses silt loam (fine-silty, 
mixed, superactive, mesic Aridic Haplustolls) in the semiarid central Great 
Plains. Winter triticale (×Triticosecale Wittm.), winter lentil (Lens culinaris 
Medik.), spring lentil, spring pea (Pisum sativum L. ssp.), and spring triticale 
CCs were compared with wheat–fallow and continuous wheat under no-till 
management. We also studied the effect of triticale haying on soil properties. 
Results indicate that spring triticale and spring lentil increased soil aggregate 
size distribution, while spring lentil reduced the wind erodible fraction by 1.6 
times, indicating that CCs reduced the soil’s susceptibility to wind erosion. 
Cover crops also increased wet aggregate stability and reduced runoff 
loss of sediment, total P, and NO3–N. After 5 yr, winter and spring triticale 
increased SOC pool by 2.8 Mg ha–1 and spring lentil increased SOC pool by 
2.4 Mg ha–1 in the 0- to 7.5-cm depth compared with fallow. Triticale haying 
compared with no haying for 5 yr did not affect soil properties. Nine months 
after termination, CCs had, however, no effects on soil properties, suggesting 
that CC benefits are short lived in this climate. Overall, CCs, grown in each 
fallow phase in no-till, can reduce soil erosion and improve soil aggregation 
in this semiarid climate.
Abbreviations: CC, cover crops; SOC, soil organic carbon.
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al., 1999; Sharratt and Feng, 2009), and degraded soil properties 
(Shaver et al., 2003) due to the lack of residue input during fal-
low and reduced crop frequency.
Growing cover or forage crop in place of fallow in wheat–
fallow systems may be a strategy to sequester SOC, conserve soil, 
improve soil properties, and sustain agricultural productivity 
in semiarid regions. Fallow replacement crops managed under 
no-till crop rotations may restore some of the SOC lost with 
intensive tillage. Estimates indicate the original C pools have 
declined by about 50% in the semiarid regions since the 
introduction of intensive tillage for crop production (Peterson 
et al., 1998). Studies have shown that intensification of no-till 
cropping systems due to annual residue input can improve soil 
properties and store more SOC than no-till crop–fallow systems 
in the semiarid central Great Plains (Peterson et al., 1998). In 
western Kansas, Blanco-Canqui et al. (2010) reported that 
no-till wheat–fallow had lower cumulative water infiltration, 
effective porosity, and SOC concentration compared with no-till 
continuous wheat after 33 yr of management. Thus, additional 
biomass input by CCs may further enhance the performance of 
no-till crop–fallow systems for conserving soil and increasing 
SOC storage.
Cover crops can also be a potential practice to reduce wind and 
water erosion in semiarid regions (Bilbro, 1991; Unger and Vigil, 
1998). Wind erosion is a major concern in the Great Plains due to 
prevalent high winds and low precipitation (Fryrear, 1981). Wind 
erosion in the Great Plains can range from 5 to 18 Mg ha–1 yr–1 
(Hansen et al., 2012). Crop–fallow systems are highly vulnerable 
to wind erosion due to limited or no residue cover during fallow.
While wind erosion is often a greater concern than water 
erosion in semiarid regions, water erosion can also be significant, 
especially in crop–fallow systems. The limited precipitation in 
the semiarid Great Plains often occurs in the form of intense and 
localized rainstorms in late spring and summer, which can cause 
losses of soil and nutrients in runoff. Indeed, increased climate 
fluctuations with frequent drought and severe and localized 
rainstorm events in the region may accelerate soil erosion and 
affect the overall soil and environmental quality. Runoff and soil 
losses from no-till systems with little or no crop residues may be 
similar to those from conventionally tilled systems in the central 
Great Plains under intense rainstorm events (Blanco-Canqui et 
al., 2009).
Use of CCs in semiarid regions is, however, often questioned 
due to the limited precipitation input. Cover crops use water and 
thus may reduce available water for subsequent crops (Unger and 
Vigil, 1998). The few studies involving CCs from the semiarid 
central Great Plains reported a reduction in wheat yield in 
wheat–fallow systems after the fallow phase was replaced with 
green manures managed under conventional till (Schlegel and 
Havlin, 1997; Nielsen and Vigil, 2005). The negative effects of 
CCs on wheat yield can be particularly high in years with low 
precipitation compared with years with normal precipitation 
(Nielsen and Vigil, 2005). Despite these drawbacks, interest in 
using CCs is increasing in the semiarid central Great Plains. Some 
producers in the central Great Plains are planting CCs (single 
and mixtures) to explore possible benefits on nutrient cycling and 
soil conservation. This interest warrants more comprehensive 
research not only in terms of short-term benefits to crop yields 
but also in regards to long-term benefits to soil conservation, soil 
and environmental quality, and sustainable agriculture.
Some producers want to remove the biomass from CCs as 
forage. Haying of CCs may generate some economic returns to 
offset any decreases in main crop yields due to cover cropping, 
however, it reduces the amount of residue left on the soil 
surface. Haying of CCs may partially reduce the purpose of 
cover cropping to conserve soil and water resources and enhance 
soil productivity. More information on the CC effects on soil 
properties is needed for different scenarios of CC management 
in the central Great Plains. Some previous studies in this region 
evaluated effects of CCs as “green manures” on water use, N 
contribution, and grain yields managed under conventional 
till and not on soil erosion, soil physical properties, and SOC 
storage under no-till systems (Schlegel and Havlin, 1997; Tanaka 
et al., 1997; Nielsen and Vigil, 2005; Allen et al., 2011). The 
potential of CCs for improving soil properties and storing SOC 
may vary with cover crop species, tillage management, soil type, 
and climate (Olson et al., 2010; Fronning et al., 2008; Blanco-
Canqui et al., 2011).
The objective of this study was to assess the 5-yr impacts of 
CC management on soil C pools, wind and water erosion, and 
soil structural and hydraulic properties for a number of CCs 
managed under no-till in the semiarid central Great Plains. 
Our hypothesis was that replacing fallow with CCs in wheat–
fallow system could increase SOC pool, reduce soil erosion, and 
improve soil properties in this climate.
MATERIAL AND METHODS
Study Description
Cover crops were selected from a larger experiment of 
fallow replacement crops (cover crops, annual forages, or short-
season grain crops) located at the Kansas State University-
Southwest Research and Extension Center in Garden City, KS. 
The soil is a Ulysses silt loam with 1 to 3% slope. The fallow 
replacement crops consisting of winter and spring crop species 
were grown during the fallow period of a no-till wheat–fallow 
cropping system every year beginning 2007. The study design 
was a split-split-plot randomized complete block design with 
four replications; crop phase was the main plot, crop species was 
the split-plot, and termination method (forage, grain, or cover) 
was the split-split-plot. Each split-split-plot was 4.6 m wide and 
36.6 m long.
Crops were either grown as cover, harvested for forage 
(annual forage crop), or harvested for grain and were all 
managed under no-till. Winter species included yellow sweet 
clover [Melilotus officinalis (L.) Lam.], hairy vetch (Vicia villosa 
Roth ssp.), lentil, Austrian winter forage pea, Austrian winter 
grain pea, and triticale. Spring species included lentil, forage 
pea, grain pea, and triticale. These crops were grown as the sole 
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crop or in legume–triticale mixtures. Grain crops were grown in 
sole crop only. Winter lentil was grown in place of yellow sweet 
clover beginning in 2009 due to poor performance of yellow 
sweet clover. Crops grown in place of fallow were compared with 
a wheat–fallow rotation and with continuous wheat. There were 
16 treatments.
Winter crops were planted approximately 1 October. Winter 
cover and forage crops were chemically terminated or harvested 
approximately 15 May. Spring crops were planted between the 
end of February and middle of March. Spring cover and forage 
crops were chemically terminated or harvested approximately 1 
June. Winter and spring grain peas were harvested with a small 
plot combine (Model Delta, Wintersteiger, Innkreis, Austria) at 
grain maturity from a 2 m wide by 36.6 m long area on about 1 
July. Biomass yield from each treatment was measured annually 
from an area 0.9 m wide by 36.6 m long using a small plot forage 
harvester (Carter Manufacturing Co., Brookston, IN). To assess 
the effects of haying of cover crops, winter and spring triticale 
split plots were split into hayed and non-hayed. The CCs were 
cut at approximately 7.5-cm stubble height. The hay was swathed 
and baled using field-scale equipment.
Cover crops that had the largest differences in phenotype 
were selected for this study. Success in the establishment of CCs 
in this climate was used as another criterion for the selection 
(Holman et al., 2012). For the study of susceptibility to wind 
erosion, SOC storage, and other soil properties, seven treatments 
including winter triticale, winter lentil, spring triticale, spring 
lentil, spring pea, and two controls (fallow and continuous winter 
wheat) were selected. For the study of water erosion, five cover 
crop treatments including winter triticale, winter lentil, spring 
triticale, spring pea, and control (fallow) were selected. Data on 
forage yield and quality, wheat yield, and effects of cover crops on 
soil water dynamics will be reported in a companion study.
Measurement of Water Erosion
Water erosion was measured under simulated rainfall in 
early August 2011 when all the crops are terminated. The rainfall 
simulation study was conducted 2 mo after the termination of 
spring CCs and about 2 mo before planting of winter wheat. 
Small 1- by 2-m runoff subplots were established at the lower 
end of the larger cover crop plots to minimize plot disturbance. 
The subplots were located in non-trafficked rows for all plots. A 
solenoid-operated and single nozzle rainfall simulator was used 
to apply rain to each plot for 1 h at 63.5 mm h–1, representing a 
5-yr rainfall return period for the study site (Miller, 1987). The 
rainfall intensity was achieved through an electrical solenoid 
valve connected to the simulator.
Two rainfall simulation events, dry and wet run, were 
performed in each plot. The dry run was done 24 h before the 
wet run. Runoff and soil loss were measured during the wet run 
when treatment plots were under similar initial soil moisture 
conditions. Each 1- by 2-m runoff plot was bordered with metal 
sheets except the bottom end where a V-shaped runoff collector 
was placed to direct runoff to a graduated bucket placed in a soil pit.
Total runoff volume was measured and runoff samples 
were immediately collected for the determination of nutrients 
(total N, total P, NH4–N, NO3–N, and PO4–P) in runoff, 
sediment concentration, and sediment-associated nutrients 
from each plot. The collected runoff was manually agitated 
to resuspend the sediment and obtain representative runoff 
samples. Runoff water subsamples of 50 mL were collected 
and stored in an insulated cooler for the analyses of total N 
and total P. The runoff samples for the analyses of total N and 
total P were not filtered. Another runoff subsample was filtered 
through Whatman syringe filter with a 0.45 µm pore size within 
10 min after the end of each rainfall simulation for the analyses 
of NO3–N, NH4–N, and PO4–P. These samples for dissolved 
nutrient analysis were filtered, stored in an insulated cooler, and 
transported to the laboratory for the determination of NO3–N, 
NH4–N, and PO4–P concentrations. Analyses of total N, total 
P, and dissolved nutrients in runoff samples were done within 
48 h by a Lachat flow injection analyzer (Lachat Quickchem 
methods 10-107-04-1-A, 10-107-06-2-A, and 10-115-01-1-A).
One liter of runoff sample was collected for the 
determination of sediment concentration by the evaporation 
method. This method consisted of weighing the runoff sample 
before and after oven-drying the sample at 105°C (Brakensiek 
et al., 1979). Another liter of runoff sample was collected for the 
determination of sediment-associated SOC and total N. This 
sample was oven-dried at 50°C and dry sediment was collected 
and passed through 0.25-mm sieve for the analysis of SOC and 
total N by the dry combustion method (Nelson and Sommers, 
1996). The total volume of runoff from each plot was divided by 
the plot area to determine runoff depth.
Measurement of Wind Erosion Potential
Soil properties including dry aggregate size distribution, 
wind erodible fraction, and geometric mean diameter of 
dry aggregates were used as parameters to evaluate the soil’s 
susceptibility to wind erosion among cover crop treatments. 
Approximately 2 kg of soil sample from the 0- to 5-cm depth 
was collected with a flat shovel from each plot in summer 2011 
at the time of runoff simulation. The soil samples were oven-
dried at 56°C for 48 h for the determination of dry aggregate 
size distribution by the rotary sieve (Chepil, 1962; Lyles et al., 
1970). Soil aggregates from the rotary sieves were classified into 
different aggregate-size fractions as follows: <0.42, 0.42- to 
0.84-, 0.84- to 2-, 2- to 6.35-, 6.35- to 14.05-, 14.05- to 44.45-, 
and >44.45-mm in diameter. Wind-erodible fraction was 
computed as the fraction of soil aggregates with diameter <0.84 
mm (Chepil, 1952). Geometric mean diameter of dry aggregates 
was computed using the mesh size of each sieve and the amount 
of aggregates within each fraction (Nimmo and Perkins, 2002).
Measurement of Soil Physical Properties and 
Organic Carbon
At the time of runoff simulation (early August 2011), 
two intact soil cores (7.6 cm diam. by 7.6 cm in height) were 
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collected from each treatment plot for the 0- to 7.6-cm soil 
depth for the determination of soil physical properties. The soil 
cores were used for the determination of bulk density by the core 
method (Grossman and Reinsch, 2002) and soil water retention 
at –33 and –1500 kPa matric potentials by pressure extractors 
(Dane and Hopmans, 2002). Additionally, two soil columns 
were collected using the Giddings hydraulic probe for the 0- to 
30-cm soil depth from each plot. The columns were sliced at the 
following depth increments: 0- to 7.5-, 7.5- to 15-, 15- to 22.5-, 
and 22.5- to 30-cm soil depths for the determination of water-
stable aggregates and SOC concentration. These soil samples 
were manually broken down and air-dried for 72 h. A portion of 
the air-dry sample was crushed and passed through sieves with 
4.75- and 8-mm mesh openings to obtain 4.75- to 8-mm air-
dry aggregates for the determination of water-stable aggregates 
by the wet sieving method (Nimmo and Perkins, 2002). Sand 
correction for each aggregate-size fraction followed Kemper and 
Rosenau (1986). Data on water-stable aggregates were used to 
compute geometric mean diameter of water-stable aggregates. 
Another portion of the air-dry soil sample was crushed using 
a mortar and pestle and passed through a sieve with 0.25-mm 
mesh openings for the determination of SOC concentration 
by the dry combustion method (Nelson and Sommers, 1996). 
The SOC was determined in soil samples treated with 10% v/v 
of HCl for the elimination of carbonates. The SOC pool was 
calculated on an equivalent mass basis approach rather than on 
a fixed depth basis. The equivalent mass basis approach accounts 
for any differences in soil bulk density among the treatments 
(Ellert et al., 2001, 2002). Baseline data on SOC concentration 
were collected for each plot (Table 1).
Measurement of Soil Properties after Cover 
Crop Termination
Soil properties including dry aggregate size distribution, 
water-stable aggregates, bulk density, and SOC concentration 
were measured again in early March 2012 (9 mo after cover crop 
termination) to assess the longevity of cover crop effects following 
termination. In addition, water infiltration was measured using 
double-ring infiltrometers to estimate cover crop impacts on 
precipitation capture (Reynolds et al., 2002). The inner ring of 
the double-ring infiltrometers had a diameter of 15 cm, while 
the outer ring had a diameter of 27 cm. The rings were inserted 
into the soil to 15-cm depth, and infiltration was measured for 
3 h. Infiltration measurements were performed at two positions 
within non-trafficked rows in each plot. All treatment plots were 
under winter wheat crop at this time. As in the previous year, soil 
samples for the determination of dry aggregate size distribution 
and calculation of wind erodible fraction and geometric mean 
diameter of dry aggregates were collected from the 0- to 5-cm 
depth. Bulk samples and soil cores were collected from the 
0- to 7.5-cm soil depth for the determination of bulk density, 
water-stable aggregates, and SOC concentration. Measurement 
protocols for soil properties were the same as for the study 
conducted in summer 2011.
Statistical Analysis of Data
Statistical differences among cover crop treatments were 
analyzed using PROC MIXED in SAS (SAS Institute, 2012). 
Cover crops were considered as the main plots and replications 
as random for the analysis of cover crop effects. However, for 
the study of effects of winter and spring triticale haying on soil 
properties, the two cover crops were considered as main plots, 
haying as subplot, and replications as random. Separation of 
treatment means was performed using least significant differences 
at the 0.05 probability level unless otherwise specifically 
mentioned. Correlations between soil physical properties and 
CC-induced changes in SOC concentration were performed 
without the data on continuous wheat and winter and spring 
triticale haying to assess the sole effects of CCs on improving soil 
properties in wheat–fallow systems.
RESULTS
Soil Organic Carbon Concentration and Pool
Cover crops increased SOC concentration and pool in 
the 0- to 7.5-cm soil depth but not at deeper depths (data not 
shown) relative to fallow (Table 2). Because trends in SOC 
concentration and pools were similar, only results on SOC pool 
are discussed. Effects varied with CC species. Winter and spring 
triticale, and spring lentil increased SOC pool by an average of 
1.2 times compared with fallow, but winter lentil and spring pea 
had no effects (Table 2). On average, triticale CCs increased the 
SOC pool by 2.8 Mg ha–1 and spring lentil by 2.4 Mg ha–1.
The greater SOC pool in triticale is attributed to the greater 
residue input from triticale compared with other CCs. Residue yield, 
averaged across 2008, 2009, 2010, and 2011, was 4.12 Mg ha–1 for 
winter triticale, 2.09 Mg ha–1 for spring triticale, 1.60 Mg ha–1 for 
spring pea, 0.43 Mg ha–1 for spring lentil, and 0.30 Mg ha–1 for 
winter lentil. The SOC pool between spring lentil and spring pea 
did not differ in spite of lower residue yield in spring lentil than 
in spring pea. Cover crops did not increase SOC pool relative 
to continuous wheat. In fact, CCs, with the exception of spring 
triticale, stored less SOC than continuous wheat (Table 2). 
Compared with fallow, continuous wheat had 1.4 times greater 
SOC pool (Table 2).
Differences in rainfall input among years appeared to dictate 
CC biomass production and thus differences in SOC pool. For 
Table 1. Mean soil organic carbon (SOC) data for the 0- to 
10-cm depth collected at the experiment onset in 2007 for 
the cover crop experiment at Garden City, KS. Samples were 
collected from each plot.
Treatment SOC Standard deviation
––––– g kg–1 –––––
Fallow 9.0 1.0
Winter lentil 9.0 0.7
Spring pea 10.1 1.3
Spring lentil 8.9 1.6
Winter triticale 8.9 1.1
Spring triticale 9.3 1.3
Continuous winter wheat 8.6 1.1
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example, averaged across all years, winter triticale produced more 
biomass than other CCs; but in 2011, due to the drought, winter 
triticale (0.95 Mg ha–1) produced less biomass than spring 
triticale (1.58 Mg ha–1). The only rain that occurred was in the 
spring, which favored spring triticale over winter triticale. This 
may, in part, explain the significant gains in SOC with spring 
triticale in 2011. As discussed later, CCs, in this study, had short-
term beneficial effect on SOC. If we had measured SOC in the 
previous year (2010), SOC pool in winter triticale may have been 
greater than in spring triticale. The reason for this hypothesis is 
winter triticale produced more biomass than spring triticale in 
the previous years. Mean annual precipitation for 2011 was 63% 
(308 mm) of the 30-yr average (489 mm) for the site (Table 3).
Wind Erosion and Water Erosion
Cover crops affected the indicators of soil’s susceptibility 
to wind erosion such as erodible fraction and geometric mean 
diameter of dry aggregates, but the differences were significant 
only at the 0.10 probability level. Similar to SOC pool, effects 
varied with CC species. Spring triticale and spring lentil 
increased geometric mean diameter of dry aggregates by 1.6 
times compared with fallow (Fig. 1a). Spring lentil reduced wind 
erodible fraction by 1.8 times (Fig. 1b). Other CCs, particularly 
winter CCs, had no effects on soil wind erodibility properties.
Continuous wheat had the highest geometric mean 
diameter of dry aggregates (Fig. 1a) and the lowest amount of 
wind erodible fraction of all treatments (Fig. 1b). It increased 
geometric mean diameter by 1.8 times and reduced soil erodible 
fraction by 2.2 times compared with fallow. Differences in these 
soil properties between continuous wheat and CCs were not 
significant, suggesting that CCs were not superior to continuous 
wheat to control wind erosion.
Cover crops also affected water erosion at the 0.10 
probability level (Fig. 2a, 2b, 2c). Differences were found in 
time to runoff (P = 0.07; Fig. 2a), runoff depth (P = 0.10; Fig. 
2b), and  sediment loss (P = 0.10; Fig. 2c). Loss of sediment-
associated total P (P = 0.10), and NO3–N (P = 0.10) among 
CCs was also significant (Table 4). Losses of total N, NH4–N, 
and PO4–P in runoff and sediment-associated C and total N 
were, however, unaffected (Table 4).
Runoff from winter triticale plots started 24 min after 
runoff started from fallow plots, but winter lentil, spring triticale, 
and spring pea had no effects compared with fallow (Fig. 2a). 
Compared with spring triticale and spring pea, winter triticale 
Table 2. Cover crop effects on bulk density and soil organic carbon (SOC) pool on an equivalent mass basis for the 0- to 7.5-cm 
soil depth for summer 2011 and spring 2012.
Treatment Subplot
Summer 2011 Spring 2012
Bulk density SOC SOC Difference Bulk density SOC SOC
Mg m–3 g kg–1 –––– Mg ha–1 –––– Mg m–3 g kg–1 Mg ha–1
Fallow 1.57 8.7d† 10.9d 1.49 8.8 9.9
Winter lentil 1.45 9.2cd 11.3cd 0.4 1.40 9.3 10.4
Spring pea 1.55 10.1bcd 12.5bcd 1.6 1.42 10.2 11.5
Spring lentil 1.49 10.8bc 13.3bc 2.4 1.48 10.8 12.0
Winter triticale
Cover 1.39 11.4bcA‡ 13.4bcA 2.5 1.49 9.4 10.6
Hayed 1.46 9.4A 11.7A 0.8 1.50 9.9 11.2
Spring triticale
Cover 1.44 11.6abA 14.0abA 3.1 1.47 10.4 11.5
Hayed 1.45 12.1A 14.4A 3.5 1.40 9.9 11.5
Continuous winter wheat 1.45 13.0a 15.6a 4.7 1.40 10.6 12.1
†  Means with the same lowercase letter within the same column are not significantly different among main plots, while means with same 
uppercase letter indicate no differences in haying effects within either winter or spring triticale.
‡ Means without letters within the same column are not significantly different.
Table 3. Precipitation data from 2007 to 2011 for the cover 
crop experiment at Garden City, KS.
Month
Precipitation input
2007 2008 2009 2010 2011 30-yr avg.
–––––––––––––––––– mm ––––––––––––––––––
January 15 8 2 18 5 12
February 15 15 2 10 11 14
March 46 8 29 46 17 33
April 74 42 111 57 45 44
May 30 49 47 99 29 76
June 64 79 94 37 43 79
July 43 30 80 33 14 71
August 66 64 56 69 62 64
September 53 18 41 8 9 36
October 5 119 76 19 11 31
November 3 9 10 2 11 14
December 34 1 5 2 52 15
Annual 448 440 552 400 308 489
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delayed runoff initiation by about 20 min. Winter triticale, 
spring pea, and spring triticale reduced runoff depth by 3.5 times 
relative to fallow, but winter lentil had no effect. Sediment loss 
from winter triticale and spring pea was 3.7 times lower than 
from fallow. Runoff depth and sediment loss between winter 
triticale and spring triticale did not differ. Loss of total P and 
NO3–N in runoff was 3.4 to 4.2 times less in winter triticale and 
spring pea than in fallow.
Soil Physical Properties
Particle-size distribution, as expected, was not affected 
by CCs. Mean values averaged across all CC treatments were 
199 g kg–1 for sand, 471 g kg–1 for silt, and 330 g kg–1 for 
clay. Similarly, CCs had no effects on bulk density (Table 2) 
and soil water retention (data not shown), but had large and 
significant effects on geometric mean diameter of water-stable 
aggregates (Fig. 1c). Effects of CCs on water-stable aggregates 
were significant only for the 0- to 7.5-cm soil depth. All CCs 
increased wet aggregate stability relative to fallow except winter 
lentil. Winter triticale increased geometric mean diameter of 
water-stable aggregates by 1.7 times while spring CCs (triticale, 
lentil, and peas) increased geometric mean diameter by 1.5 times. 
Differences in geometric mean diameter between CCs and 
continuous wheat were not significant, but continuous wheat 
had greater geometric mean diameter of water-stable aggregates 
than fallow.
Triticale Haying and Residual Effects of Cover 
Crops on Soil Properties
Haying of winter and spring triticale CCs had no significant 
effect on any soil and erosion parameter (Fig. 1a, 1b, 1c; Table 2). 
These results suggest that haying may not have negative effects on 
soil properties in the short term in this climate. While differences 
were not statistically significant, haying of winter triticale tended 
to reduce SOC pool, increase wind erodible fraction, and reduce 
geometric mean diameter of dry and water-stable aggregates. 
Based on this trend, we hypothesize that haying effects may be 
significant in the longer term.
Data collected 9 mo after CC termination (spring 2012) 
in this experiment allowed the evaluation of the residual effects 
of CCs on soil properties. As presented earlier, data collected in 
summer 2011 (2 mo after CC termination) indicated that CCs, 
in general, increased SOC pool, reduced potential of water 
and wind erosion, and improved soil aggregation (Fig. 1a, 1b, 
1c and 2a, 2b, 2c; Table 2). However, data collected 9 mo after 
CC termination (spring 2012) indicated that CC had no effect 
on any soil property, indicating that CC effects are short-lived 
after termination. Because data were not significant, results from 
spring 2012 are not presented.
DISCUSSION
Results supported our hypothesis, suggesting that replacing 
fallow with CCs can reduce erosion, improve soil properties, 
and restore some of the SOC lost from wheat–fallow systems 
in semiarid regions. Because of their higher biomass production 
than other CCs, particularly legumes (Holman et al., 2012), 
winter and spring triticale appeared to be the best CC species 
to enhance the potential of no-till wheat–fallow systems for 
improving soil properties. Legume CCs such as peas may also 
be grown for forage or grain between main crops but provide 
limited biomass cover to protect soil from erosion (Miller et al., 
2006). The slightly greater effectiveness of continuous wheat 
than CCs for increasing SOC may be due to the abundant and 
uniform surface residue cover under continuous wheat.
The increase in SOC with both CCs and continuous wheat 
relative to fallow suggests that intensification of cropping systems 
or elimination of fallow periods under no-till systems may restore 
SOC and improve soil structural properties in wheat–fallow 
systems. In the central Great Plains, increased adoption of no-till 
in recent decades has allowed intensification of cropping systems 
and reduction in fallow periods due to enhanced precipitation 
capture and water use efficiency (Peterson and Westfall, 2004; 
Fig. 1. Impacts of winter and spring cover crops on (a) dry soil 
aggregate size distribution expressed as geometric mean diameter of 
aggregates, (b) wind erodible fraction (<0.84-mm aggregates), and (c) 
geometric mean diameter of water-stable aggregates in summer 2011 
(2 mo after crop termination). Dry aggregate size distribution was 
measured for the 0- to 5-cm soil depth, while wet aggregate stability 
was measured for the 0- to 7.5-cm depth. Means followed with the 
same lowercase letter are not significantly different. Means with the 
same uppercase letter for hayed (white bars) and non-hayed (black 
bars) winter and spring triticale are not significantly different.
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Nielsen and Vigil, 2010). Increased residue input from intensified 
cropping systems interacts with reduced soil disturbance in no-
till to improve soil properties and productivity (Shaver et al., 
2003; Blanco-Canqui et al., 2010).
Our study indicates that cover cropping can reduce soil’s 
susceptibility to erosion in this semiarid soil. Wind erosion is 
particularly a major concern in the study region in late winter 
and early spring (February and March) when winds are strong, 
precipitation is low, and soil surface cover is limited. During 
this period, winter wheat is short and does not provide a dense 
cover to protect soil from erosion. Intensified cropping systems 
by replacing fallow with CCs and other crops can provide 
additional biomass cover to protect soil from erosion and improve 
ecosystem function of cropping systems. Our results agree with 
Bilbro (1991) who found that CCs consisting of winter rye 
(Secale cereale L.) planted with forage sorghum [Sorghum bicolor 
(L.) Moench] in alternate 12.5-cm rows provided adequate soil 
cover and reduced wind erosion potential on a fine sandy loam 
near Amarillo, TX.
Our results also suggest that the positive effects of CCs 
on reducing soil’s susceptibility to water and wind erosion may 
depend on the amount of residue input during fallow periods. 
The reduced biomass yield of winter CCs in 2011 in response to 
limited rainfall input in winter 2011 may explain their limited 
effectiveness relative to spring CCs. While differences in biomass 
yield probably determined changes in soil wind erodibility 
properties, the greater beneficial effects of spring CCs compared 
with winter CCs may also be partly due to differences in winter 
and spring CC termination dates. This study was conducted 
about 3 mo after winter CC termination and about 2 mo after 
spring CC termination. The residual or beneficial effects of CCs 
may decrease rapidly with time after termination in this climate 
as discussed later.
The lower losses of runoff and sediment under CCs than 
under fallow support similar findings from regions (i.e., Missouri, 
Iowa) with higher precipitation input (Zhu et al., 1989; Kaspar 
et al., 2001). In the study region, rainstorms often occur in late 
spring and summer. The reduced runoff loss under CCs may 
contribute to water conservation. Runoff depth from fallow 
plots was 45 mm h–1 under 63.5 mm h–1 of simulated rainfall 
(Fig. 2b). This means that 71% of simulated rainfall was lost as 
runoff from fallow. Based on similar 
analysis (Fig. 2b), only 13% of rain 
was lost as runoff from winter triticale, 
spring pea, and spring triticale plots, 
suggesting that CCs can reduce loss of 
runoff water in intense rainfall events, 
offsetting, at some degree, the amount 
of water used by CCs growth. Studies 
in the region found that CCs can 
reduce soil water for subsequent crops 
(Schlegel and Havlin, 1997; Nielsen 
and Vigil, 2005).
Results in this study suggest that CCs reduced potential for 
water and wind erosion not only by providing surface cover but 
also by improving soil aggregate properties and increasing SOC 
concentration. Cover crops contributed to near-surface soil 
aggregation partly by increasing SOC concentration. Geometric 
mean diameter of dry (r = 0.51; P = 0.03) and wet (r = 0.58; 
P = 0.01) aggregates was weakly and positively correlated with 
Fig. 2. Impacts of winter and spring cover crops on (a) time to runoff, 
(b) runoff depth, and (c) sediment loss. Means followed with the same 
lowercase letter are not significantly different.
Table 4. Mean losses of nutrients in runoff and sediment under simulated rainfall in summer 
2011 (2 mo after cover crop termination) for five cover crop treatments after 5 yr of man-
agement in no-till winter wheat rotated with fallow or cover crop on an Aridic Haplustoll. 
Water erosion was studied only for five cover crop treatments.
Cover crop
Nutrients dissolved in runoff Sediment-associated nutrients
Total N Total P NH4–N NO3–N PO4–P Organic C Total N
––––––––––––– kg ha–1 –––––––––––––– –––– Mg ha–1 ––––
Fallow 7.60 0.44a† 0.20 5.96a 0.30 0.012 0.006
Winter lentil 4.21 0.27ab 0.09 3.36ab 0.17 0.010 0.004
Spring triticale 3.41 0.23ab 0.19 2.55ab 0.22 0.006 0.003
Spring pea 2.08 0.10b 0.04 1.66b 0.06 0.005 0.002
Winter triticale 1.91 0.13b 0.12 1.41b 0.12 0.003 0.002
P > F 0.13 0.10 0.54 0.10 0.13 0.31 0.15
† Means followed by different letter within columns are significantly different at 0.10 probability level.
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CC-induced increase in SOC concentration, suggesting that 
increase in SOC was partly responsible for the improvement in 
soil structural stability (Tisdall and Oades, 1982). The SOC can 
promote macroaggregation and increase the aggregate stability 
through biological and physicochemical bonding mechanisms 
(Tisdall and Oades, 1982; Colazo and Buschiazzo, 2010). Our 
results cannot be directly compared with other studies as there 
is limited information on CC effects on soil properties in the 
central Great Plains under no-till conditions. Most previous 
studies in this region focused on water use and grain yields in 
CCs used as green manure under conventional till (Schlegel and 
Havlin, 1997; Nielsen and Vigil, 2005; Felter et al., 2006; Lyon 
et al., 2007).
The lack of triticale CC haying effects on soil properties 
after 5 yr deserves discussion. Although we did not quantify 
the amount of root biomass in this study, the lack of haying 
effects suggest that belowground biomass (i.e., roots) under CCs 
possibly maintained SOC and aggregate properties (Rutz et al., 
2012). Furthermore, the aboveground biomass may have also 
minimized the haying effects as not all aboveground biomass 
was removed through haying. Also, although plant regrowth was 
controlled with the use of herbicides in this study, some plant 
regrowth occurred after hay harvest in some years when moisture 
was sufficient. Long-term monitoring of haying effects is needed 
to conclusively ascertain the implications of CC haying on soil 
properties. In the short term, haying of CCs may not reduce the 
CC benefits, and it may be economically profitable since limited 
economic value is gained from not harvesting a CC.
The lack of significant differences in soil properties 9 mo after 
CC termination (spring 2012) strongly suggests that the beneficial 
effects of CCs on soil erosion control and improvement in soil 
properties diminished rapidly with time after CC termination. 
Soil benefits due to CCs are short-lived if CCs are terminated. 
These results have implications for the management of CCs in 
semiarid regions. They suggest that CC growth or termination 
should be near to times when water and wind erosion events are 
most likely to occur as benefits apparently are lost rapidly with 
time after termination.
Results suggest that CC residues left on the soil surface 
decomposed rapidly in this semiarid climate, reducing the 
protective cover and any positive residual effects needed to 
maintain the CC-induced improvements in SOC concentration 
and soil physical properties. Overwinter processes including 
abrupt fluctuations in wetting and drying and freezing and 
thawing possibly also contributed to the reduction in the 
beneficial effects of CCs on soil aggregation. Results therefore 
suggest that CCs should be grown in each fallow phase in 
wheat–fallow systems to provide benefits through continuous 
surface cover.
CONCLUSIONS
Replacing fallow with CCs in no-till wheat–fallow after 5 yr 
in a semiarid soil in the central Great Plains, in general, reduced the 
potential for wind and water erosion, improved soil aggregation, 
and increased SOC pool, indicating that growing CCs in place 
of fallow had significant benefits on soil properties. Continuous 
wheat was as effective as or better than most CCs, which suggests 
that intensification of wheat–fallow with continuous cropping 
or CCs can improve soil properties. Results also showed that 
the beneficial effects of CC residues can rapidly decrease after 
CC termination in this semiarid climate. Nine months after 
CC termination, the effects of CCs on soil properties were not 
significant compared with fallow, suggesting that CCs should 
be grown each fallow phase to maintain benefits. Triticale CC 
haying did not affect soil properties in the short term, but further 
research is needed to determine long-term (>5 yr) haying effects. 
Winter and spring triticale due to their higher residue input 
than other CCs appear to be the most effective CCs for reducing 
erosion and improving aggregation in this semiarid soil. Overall, 
intensification of cropping systems with CCs and continuous 
cropping under no-till management may be an improved 
management alternative to wheat–fallow systems in this region. 
Additional studies in the region are, however, needed to identify 
the best cover cropping systems (i.e., single and mixed cover crop 
plantings) and develop site-specific CC management strategies 
(i.e., termination methods and dates) to conserve soil and water 
and and enhance crop production in semiarid regions. It is also 
important to perform an economic analysis of the different CCs 
to assess both their soil and economic benefits.
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